What has NMR taught us about stripes and inhomogeneity? 
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The purpose of this brief invited paper is to summarize what we have (not) learned from NMR on 
stripes and inhomogeneity in I^-^Sr^CuCU. We explain that the reality is far more complicated 
than generally accepted. 
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(*) Present and permanent address. 

Neutron scattering experts generally declare every- 
thing static as soon as fluctuations slow down below the 
frequency threshold of 10 11 Hz for elastic scattering mea- 
surements. In NMR lineshape measurements, the sepa- 
ration time between RF excitation pulses is typically 10 
/xs, which sets the frequency scale of the shutter speed of 
the NMR picture at 10 5 Hz. In our quest to capture the 
truly static stripe phase, we developed wide-frequency 
zero-field NMR techniques with a top-loading He 3 cryo- 
stat pj. Our measurements in Lai.8-a;Euo.2Sr :i: Cu04 and 
La2_ a; Ba 2 ;Cu04 at x ~ g revealed that motional narrow- 
ing effects average out the hyperfine magnetic fields from 
Cu spins even at 350 mK. Alas, static stripes are not re- 
ally static even at 350 mK. The observed NMR intensity 
at 350 mK accounts for essentailly 100 percent of Cu nu- 
clear spins from the sample. This means that the NMR 
relaxation rates 1/71,2 governed by spin fluctuations at 
the NMR frequency (~ 10 7 Hz) are small enough to de- 
tect the signals, which implies that the majority of the 
spectral weight of the spin fluctuations has slowed down 
to 10 5 ~ 6 Hz levels. 

The dynamic nature of stripes is even stronger in 
La2- x Sr x Cu04 (x ~ |), even though stripes are fre- 
quently and erraneously quoted as static below 20 K 
based on clastic neutron scattering data. We managed 
to detect a narrow, Zeeman-perturbed zero-field NMR at 
350 mK in Lai.sssSro.nsCuC^ @j- The narrow lineshape 
is a consequence of motional narrowing. Moreover, the 
integrated intensity corresponds to only a few percent of 
the sample. This implies that the majority of Cu nu- 
clear spins are still under the influence of relatively fast 
(> 10 6 Hz) fluctuations, and are hence undetectable. 

The dynamic nature of stripes leads to an unfortu- 
nate consequence; what NMR observes in the static stripe 
phase is not what one would normally conceive as stripes, 
but slowly fluctuating magnetic entities blurred by their 
motion. In order to investigate the slowing of stripes 
through NMR techniques this forces us to rely on a some- 
what indirect method which consist of measuring the Cu 
NQR/NMR wipeout of intensity The wipeout frac- 



tion F(T) is the fraction of the Cu nuclear spins that 
become undetectable due to fluctuating stripes. As de- 
tailed in , when the fluctuation frequency falls between 
10 11 Hz and 10 7 Hz, very fast NMR relaxation rates pre- 
vent us from detecting Cu NQR/NMR signals. Effec- 
tively, F(T) is the volume fraction of the segments in the 
Cu02 plane which fluctuate in the aformentioned fre- 
quency range. Quite interestingly, F(T) in Nd co-doped 
samples closely follows the neutron/x-ray scattering in- 
tensity arising from charge order at x = |GI 0, H B- 
This led us to equate F(T) in the superconducting regime 
of La2_ a; Sr a .Cu04 with the volume fraction of charge- 
ordered segments where stripe fluctuations have slowed 
3J. The onset temperature Tnqr for F(T) decreases 
with increasing £0,0 (see Fig. 1). Subsequent studies 
PI 0] showed that Tnqr precisely agrees with the on- 
set of charge order T c h arge for £ > |. This supports 
our physical picture for x > |. As it turned out, how- 
ever, Tnqr is always higher than r c ^ ar . se in the lower Sr 
doping range x < | of Nd co-doped samples. Instead, 
it is the inflection point of the curvature in the T de- 
pendence of F(T) that agrees with T c } large y|. Moreover, 
subsequent x-ray scattering efforts resulted in no hard 
evidence for charge order in I^-^Sr^CuCU without Nd 
co-doping. We noted from the very beginning Q that the 
monotonic increase of Tnqr below x = g was counterin- 
tuitive, and we were puzzled by these newer revelations 
for some time Q . There must be something else involved 
in the mechanism of F(T) below Tnqr down to T c h a rge 
for x < i. We will come back to this point below. 



The fact that some Cu nuclear spins are observable 
while others are wiped-out implies a highly inhomoge- 
neous nature of the Cu02 planes, i.e. that the fluctu- 
ation frequency is different position by position. This 
glassy nature of the stripes led to significant confusion 
in the NMR community. A major source of confusion 
is that from old days everybody in the NMR community 
knew that NMR data in L^-zSr^CuC^ showed a variety 
of signatures for an electronic inhomogeneity, and distin- 
guishing this intrinsic electronic inhomogeneity from the 
inhomogeneous magnetism arising from the glassy slow- 
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ing of stripes is not a straightforward task. Some authors 
even claim that all NMR anomalies including wipeout ef- 
fects may be understood based on an analogy with con- 
ventional spin glass without invoking any spatially co- 
herent nature for the stripes 6J. Prior to [6|, we had 
already pointed out in the importance of the similar- 
ity with NMR wipeout effects in simple Cu metal with 
dilute magnetic Fe impurity spins. The whole point of 
Hunt et al. |3j is that the missing Cu NQR/NMR signal 
intensity at low temperatures in the undcrdoped regime 
of La2_ a; Sr a ,Cu04, which had been attributed to the spa- 
tially incoherent slowing of the spin dynamics caused by 
localized holes since the early 90 's prior to the discovery 
of stripes by one of us 0, turned out to have some hid- 
den information about slowing stripes, and indeed they 
have pj. The Los Alamos paper missed this point. 

In any case, these confusions concerning the inhomo- 
geneity led us to critically reexamine the issue of elec- 
tronic inhomogeneity, more specifially, the validity of the 
assumption that Cu02 planes are electronically homo- 
geneous even in alloyed high T c cuprates. To make a 
long story short, our measurement of 1/Ti as a func- 
tion of temperature and frequency within each Cu NQR 
lineshape indicates that the local hole concentration in 
La2_ a; Sr a ;Cu04 deviates significantly from nominal x, 
whether the sample is a poly-crystalline or high-quality 
single crystal J5|- This finding clearly raises questions 



regarding theoretical debates of a "universal electronic 
phase diagram", including La2- £C Sr :c Cu04, which are 
based on the assumption that hole doping is homoge- 
neous. Furthermore, our new result has several impli- 
cations in our understanding of stripes and the NQR 
wipeout effects. First, the intrinsic electronic inhomo- 
geneity may be partially responsible for the glassy, inho- 
mogeneous nature of the slowing of stripes observed even 
at x = ^. Second, it naturally explains why the onset 
temperature for wipeout jumps up to T^qr ~ 300 K at 
x ~ 0.05. Some segments of Cu02 planes become nearly 
undoped below 300 K For these undoped patches, 
the strong short-range Neel-order results in enhanced 
NMR relaxation rates causing the Cu NQR signal to be- 
come undetectable. Whether nucleation of these nearly 
undoped patches is associated with the rotation of the 
stripes from the diagonal to vertical direction remains to 
be seen. Third, similar effects would provide a natural 
account for why wipeout sets in at TVq,r above T c h arge 
below x = g. The inflection point in the T dependence 
of F(T) corresponds to the temperature where spatially 
coherent fluctuations of glassy stripes finally kick in. 

To summarize, one needs to take into account both the 
intrinsic electronic inhomogeneity |5j and the glassy, in- 
homogeneous slowing of stripes. Much of the confusion 
over La2- K Sr K Cu04 stems from the failure by many au- 
thors to recognize the importance of both. 



FIG. 1: The onset temperature Tmqr of Cu NQR wipeout 
effects in La2-iSr a; Cui_j / Znj / 04 for y — (o), and y = 0.04 
(•). 4% Zn doping suppresses superconductivity completely. 
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